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We study the production of strange hadrons in nucleus-nucleus collisions from 4 to 160 A GeV
within the Parton-Hadron-String Dynamics (PHSD) transport approach that is extended to incorpo-
rate essentials aspects of chiral symmetry restoration (CSR) in the hadronic sector (via the Schwinger
mechanism) on top of the deconfinement phase transition as implemented in PHSD. Especially the
K+/π+ and the (Λ+Σ0)/π− ratios in central Au+Au collisions are found to provide information on
the relative importance of both transitions. The modelling of chiral symmetry restoration is driven
by the pion-nucleon Σ-term in the computation of the quark scalar condensate < qq¯ > that serves
as an order parameter for CSR and also scales approximately with the effective quark masses ms
and mq. Furthermore, the nucleon scalar density ρs, which also enters the computation of < qq¯ >,
is evaluated within the nonlinear σ − ω model which is constraint by Dirac-Brueckner calculations
and low energy heavy-ion reactions. The Schwinger mechanism (for string decay) fixes the ratio of
strange to light quark production in the hadronic medium. We find that above ∼80 A GeV the
reaction dynamics of heavy nuclei is dominantly driven by partonic degrees-of-freedom such that
traces of the chiral symmetry restoration are hard to identify. Our studies support the conjecture
of ’quarkyonic matter’ in heavy-ion collisions from about 5 to 40 A GeV and provide a microscopic
explanation for the maximum in the K+/π+ ratio at about 30 A GeV which only shows up if a
transition to partonic degrees-of-freedom is incorporated in the reaction dynamics and is discarded
in the traditional hadron-string models.
PACS numbers: 25.75.Nq, 25.75.Ld, 25.75.-q, 24.85.+p, 12.38.Mh
I. INTRODUCTION
According to Quantum Chromo Dynamics (QCD) [1–
6], matter changes its phase at high temperature and den-
sity and bound (colorless) hadrons dissolve to interacting
(colored) quarks and gluons in the Quark-Gluon-Plasma
(QGP). Along with this deconfinement phase transition
at low quark chemical potential µq a restoration of chi-
ral symmetry (CSR) is observed in lattice QCD (lQCD)
calculations at roughly the same critical temperature or
energy density. Since at low µq the phase change is a
crossover both transitions do not (have to) occur at the
same temperature. The study of the phase boundaries
and the properties of the QGP are the main goal of sev-
eral present and future heavy-ion experiments at SPS
(Super Proton Synchrotron), RHIC (Relativistic Heavy-
Ion Collider), LHC (Large Hadron Collider) and the fu-
ture FAIR (Facility for Antiproton and Ion Research) as
well as NICA (Nuclotron-based Ion Collider fAcility) [7].
Since the QGP is created only for a short time (of a cou-
ple of fm/c) it is quite demanding to study its properties
and to find sensible probes for chiral symmetry restora-
tion as well as for the deconfinement transition. Only by
the measurement of the ’bulk’ light hadrons, electromag-
netic probes (dileptons and photons), heavy mesons, jets
and related correlations we might be able to disentangle
the different physics at the phase boundaries especially
at high quark chemical potential µq where a first order
transition might take place [8–11].
The question of chiral symmetry restoration at high
baryon density and/or high temperature is of funda-
mental interest in itself and dilepton studies in nucleus-
nucleus collisions have been driven by the notion to find
signatures for a CSR. As noted above the situation is less
clear for finite baryon density where QCD sum rule stud-
ies indicate a linear decrease of the scalar quark conden-
sate< q¯q > – which is nonvanishing in the vacuum due to
a spontaneous breaking of chiral symmetry – with baryon
density ρB towards a chiral symmetric phase character-
ized by < q¯q >≈ 0 [12, 13]. This decrease of the scalar
quark condensate is expected to lead to a change of the
hadron properties with density and temperature, i.e. in
a chirally restored phase the vector and axial vector cur-
rents should become equal [14–18]; the latter implies that
e.g. the ρ and a1 spectral functions should become iden-
tical. Since the scalar quark condensate < qq¯ > is not
a direct observable, its manifestations should be found
indirectly in different hadronic abundancies and spectra
or particle ratios like K+/π+, (Λ + Σ0)/π− etc.
Nowadays, our knowledge about the hadron properties
at high temperature or baryon density is based on heavy-
ion experiments from SchwerIonen-Synchrotron (SIS) to
SPS energies where hot and dense nuclear systems are
produced on a timescale of a few fm/c together with par-
tonic subsystems. The information from ultra-relativistic
nucleus-nucleus collisions at RHIC or LHC essentially ad-
dresses the dominant partonic phases at low quark chem-
ical potential µq, a region which can be well addressed
by lQCD, too. This knowledge, however, does not al-
low for proper extrapolations to the properties of QCD
2at high baryon density which has been the major mo-
tivation for the future construction of the FAIR/NICA
facilities and is in the focus of the Beam-Energy-Scan
(BES) program at RHIC. However, any informations on
the properties of hadrons in the nuclear environment are
obtained from the comparison of experimental data with
nonequilibrium kinetic transport theory [19–27]. As a
genuine feature of transport theories in the hadronic sec-
tor there are two essential ingredients: i.e. the baryon
(and meson) scalar and vector self-energies as well as
in-medium elastic and inelastic cross sections (or transi-
tion matrix elements) for all hadrons involved. Whereas
in the low-energy regime these ’transport coefficients’ can
be calculated in the Dirac-Brueckner approach starting
from the bare nucleon-nucleon interaction [28–32] this is
no longer possible at high baryon density (ρB ≥ 2-3ρ0)
and high temperature, since the number of independent
hadronic degrees-of-freedom increases drastically and the
interacting hadronic system should approach a phase
with < qq¯ >≈ 0 [12, 14, 16, 17] as mentioned before.
In this work we will concentrate on excitation func-
tions of hadronic observables from SIS to SPS energies
with the aim to find out optimal experimental conditions
to search for ’traditional’ phenomena such as strangeness
enhancement in nucleus-nucleus collisions [33, 34] or the
’horn’ in the K+/π+ ratio [35, 36]. Both phenomena
have been addressed to a deconfinement transition. In-
deed, the actual experimental observation could not be
described within conventional hadronic transport theory
[37–39] and remained a major challenge for microscopic
approaches. Only within hybrid approaches [40] or three-
fluid hydrodynamics [41] a description of the ’horn phe-
nomenon’ could be achieved due to the assumption of
chemical equilibrium in the hydro phase. This also holds
true for the statistical model fits assuming full chemical
equilibration [42]. However, hadronic interaction rates
showed up to be too slow to reach chemical equilibrium
in these nucleus-nucleus collisions [43]. This was also
found for the partonic stage in Ref. [44]. Accordingly,
the quest for a microscopic explanation of the K+/π+
’horn’ remained.
In 2006 McLerran and Pisarski suggested that a new
form of matter might exist at high baryon chemical po-
tential [45] where the degrees-of-freedom are still confined
but chiral symmetry is restored such that parity doublets
appear in the excitation spectrum. This lead to an ex-
tended scenario for the phase diagram of strongly inter-
acting matter [46, 47]. Although a clear separated phase
of such ’quarkyonic matter’ might be overtaken one could
expect a partially chiral restored phase before deconfine-
ment sets in as suggested also by Nambu-Jona-Lasinio
models [48–51].
Our studies are performed within the PHSD trans-
port approach that has been described in Refs. [52, 53].
PHSD incorporates explicit partonic degrees-of-freedom
in terms of strongly interacting quasiparticles (quarks
and gluons) in line with an equation-of-state from lat-
tice QCD (lQCD) as well as dynamical hadronization
and hadronic elastic and inelastic collisions in the fi-
nal reaction phase. This approach has been tested for
p + p, p + A and A + A collisions from the SPS to
LHC energy regime [52–55]. We recall that longitudi-
nal and transverse momentum spectra of nucleons, pions,
kaons and antibaryons have been successfully reproduced
within PHSD within the full energy range from the up-
per SPS to LHC energies as well dilepton and photon
observables. Moreover, the collective flow coefficients vn
for the azimuthal angular distributions were found to be
well in line with the PHSD calculations as well as the sup-
pression of hard probes such as charm quarks at RHIC
energies [56]. However, in all these studies the question
of chiral symmetry restoration has been discarded since
the observables analyzed were driven by the dominant de-
confinement transition and the parton dynamics in the
QGP. Only when going down in bombarding energy to
the Alternating-Gradient-Synchrotron (AGS) regime se-
vere discrepancies were found [57] in the directed proton,
pion and kaon flows as well as in the strangeness pro-
duction. The actual results at AGS energies are close to
those from the Hadron-String Dynamics (HSD) transport
approach (without a partonic phase) in Refs. [38, 39, 58].
This does not come as a surprise since at low energy den-
sities (ǫ < 0.5 GeV/fm3) the PHSD merges with HSD. By
observing that the discrepancies show up already within
HSD - and are very similar in PHSD - we conclude that
the deconfinement phase transition does not show ’re-
sponsibility’ for these discrepancies.
We here suggest that the missing ’strangeness’ is due
to the neglect of chiral symmetry restoration (in the
Schwinger mechanism of string decay) at high baryon
density. Accordingly, a partial restoration of chiral sym-
metry may be achieved in the hadronic but confined
phase. Such a situation might be attributed to ’quarky-
onic matter’ out-off equilibrium. To investigate this pro-
posal we extend the existing PHSD transport approach
[52] to include essential facets of chiral symmetry restora-
tion in terms of the Schwinger mechanism for string de-
cay. Since PHSD has been successfully applied to de-
scribe the final distribution of mesons (with light quark
content) from SPS up to LHC energies [52–55], it pro-
vides a solid framework for the description of the cre-
ation, expansion and hadronization of the QGP as well
as the hadronic expansion with partly resonant scatter-
ings (like π +N ↔ ∆ or π + π ↔ ρ).
This study is organized as follows: In Sec. II we recall
the basic ideas of the PHSD approach and describe the
evaluation of the scalar quark condensate as well as the
modified string decay in line with CSR. Sec. III is de-
voted to the actual computation of particle spectra and
particle ratios in central Au+Au collisions from 4 to 158
A GeV in different limits, i.e. with and without CSR,
with and without partonic degrees-of-freedom. A sum-
mary completes this work in Sec. IV.
3II. THE PHSD TRANSPORT APPROACH
A. Basic concepts
The Parton-Hadron-String Dynamics (PHSD) trans-
port approach [52, 53] is a microscopic covariant dy-
namical model for strongly interacting systems formu-
lated on the basis of Kadanoff-Baym equations [59–61]
for Green’s functions in phase-space representation (in
first order gradient expansion beyond the quasiparticle
approximation). The approach consistently describes
the full evolution of a relativistic heavy-ion collision
from the initial hard scatterings and string formation
through the dynamical deconfinement phase transition to
the strongly-interacting quark-gluon plasma (sQGP) as
well as hadronization and the subsequent interactions in
the expanding hadronic phase as in the Hadron-String-
Dynamics (HSD) transport approach [23]. The trans-
port theoretical description of quarks and gluons in the
PHSD is based on the Dynamical Quasi-Particle Model
(DQPM) for partons that is constructed to reproduce
lQCD results for a quark-gluon plasma in thermodynamic
equilibrium [61] on the basis of effective propagators for
quarks and gluons. The DQPM is thermodynamically
consistent and the effective parton propagators incorpo-
rate finite masses (scalar mean-fields) for gluons/quarks
as well as a finite width that describes the medium de-
pendent reaction rate. For fixed thermodynamic temper-
aure T the partonic width’s Γi(T ) fix the effective two-
body interactions that are presently implemented in the
PHSD [44]. The PHSD differs from conventional Boltz-
mann approaches in a couple of essential aspects:
• it incorporates dynamical quasi-particles due to the
finite width of the spectral functions (imaginary
part of the propagators) in line with complex re-
tarded selfenergies;
• it involves scalar mean-fields that substantially
drive the collective flow in the partonic phase;
• it is based on a realistic equation of state from lat-
tice QCD and thus reproduces the speed of sound
cs(T ) reliably;
• the hadronization is described by the fusion of
off-shell partons to off-shell hadronic states (res-
onances or strings);
• all conservation laws (energy-momentum, flavor
currents etc.) are fulfilled in the hadronization con-
trary to coalescence models;
• the effective partonic cross sections no longer are
given by pQCD and are ’defined’ by the DQPM in a
consistent fashion. These cross sections are probed
by transport coefficients (correlators) in thermo-
dynamic equilibrium by performing PHSD calcu-
lations in a finite box with periodic boundary con-
ditions (shear- and bulk viscosity, electric conduc-
tivity, magnetic susceptibility etc. [62, 63]).
An actual nucleus-nucleus collision within PHSD pro-
ceeds as follows: in the beginning of a relativistic heavy-
ion collisions color-neutral strings (described by the
FRITIOF LUND model [64]) (including PYTHIA 6.4
[65]) are produced in hard scatterings of nucleons from
the impinging nuclei. These strings are dissolved into
’pre-hadrons’ with a formation time of ∼ 0.8 fm/c in
their rest frame, except for the ’leading hadrons’, i.e.
the fastest residues of the string ends, which can re-
interact (practically instantly) with hadrons with a re-
duced cross sections in line with quark counting rules. If,
however, the local energy density is larger than the crit-
ical value for the phase transition, which is taken to be
∼ 0.5 GeV/fm3 in line with lQCD [3], the pre-hadrons
melt into (colored) effective quarks and antiquarks in
their self-generated repulsive mean-field as defined by the
DQPM [61]. In the DQPM the quarks, antiquarks and
gluons are dressed quasiparticles and have temperature-
dependent effective masses and widths which have been
fitted to lattice thermal quantities such as energy den-
sity, pressure and entropy density. The nonzero width
of the quasiparticles implies the off-shellness of partons,
which is taken into account in the scattering and prop-
agation of partons in the QGP on the same footing (i.e.
propagators and couplings).
The transition from the partonic to hadronic degrees-
of-freedom (for light quarks/antiquarks) is described
by covariant transition rates for the fusion of quark-
antiquark pairs to mesonic resonances or three quarks
(antiquarks) to baryonic states, i.e. by the dynami-
cal hadronization. We already mention here that this
hadronization process is restricted to ’bulk’ transverse
momenta pT up to ∼ 2 GeV and has to be replaced by
fragmentation for high pT [56] in future. Note that due
to the off-shell nature of both partons and hadrons, the
hadronization process described above obeys all conser-
vation laws (i.e. four-momentum conservation and flavor
current conservation) in each event, the detailed balance
relations and the increase in the total entropy S.
In the hadronic phase PHSD is equivalent to the
hadron-strings dynamics (HSD) model [23] that has been
employed in the past from SIS to SPS energies. On
the other hand the PHSD approach has been tested for
p+p, p+A and relativistic heavy-ion collisions from lower
SPS to LHC energies and been successful in describing
a large number of experimental data including single-
particle spectra, collective flow [52–54, 66] as well as
electromagnetic probes [55] or charm observables [56].
B. Strings in (P)HSD
In the PHSD/HSD the string excitation and decay
plays a decisive role for elastic and inelastic collisions
which has been well tested for hadronic reactions in vac-
uum in a wide energy range. We recall that in the
hadronic phase the high energy inelastic hadron-hadron
collisions are described by the FRITIOF model [64],
4where two incoming nucleons emerge the reaction as two
excited color singlet states, i.e. ’strings’. According to
the FRITIOF model a string is characterized by the lead-
ing constituent quarks of the incoming hadron and a
tube of color flux is supposed to be formed connecting
the rapidly receding string-ends. In the PHSD approach
baryonic (qq − q) and mesonic (q − q¯) strings are con-
sidered with different flavors (q = u, d, s). In the uni-
form color field of the strings virtual qq¯ or qqq¯q¯ pairs
are produced causing the tube to fission and thus to cre-
ate mesons or baryon-antibaryon pairs (with a formation
time ∼ 0.8 fm/c). The production probability P of mas-
sive ss¯ or qqq¯q¯ pairs is suppressed in comparison to light
flavor production (uu¯, dd¯) according to a Schwinger-like
formula [67], i.e.
P (ss¯)
P (uu¯)
=
P (ss¯)
P (dd¯)
= γs = exp
(
−πm
2
s −m2q
2κ
)
, (1)
with κ ≈ 0.176 GeV2 denoting the string tension and
ms,mq = mu = md the appropriate strange and light
quark masses. Thus in the Lund string picture the
production of strangeness and baryon-antibaryon pairs
is controlled by the constituent quark (and diquark)
masses. Inserting the constituent (dressed) quark masses
mu ≈ 0.33 GeV and ms ≈ 0.5 GeV in the vacuum a
value of γs ≈ 0.3 is obtained from Eq. (1). While the
strangeness production in proton-proton collisions at SPS
energies is reasonably well reproduced with this value,
the strangeness yield for p + Be collisions at AGS en-
ergies is underestimated by roughly 30% (cf. [37]). For
that reason the relative factors used in the PHSD/HSD
model are [37]
u : d : s : uu =
{
1 : 1 : 0.3 : 0.07 , at SPS to RHIC
1 : 1 : 0.4 : 0.07 , at AGS energies,
(2)
with a linear transition of the strangeness suppression
factor γs as a function of
√
s in between. These settings
have been fixed in Ref. [37] for HSD in 1998 and kept
since then also for PHSD.
Additionally a fragmentation function f(x,mt) has to
be specified, which is the probability distribution for
hadrons with transverse mass mT to acquire the energy-
momentum fraction x from the fragmenting string,
f(x,mT ) ≈
1
x
(1− x)a exp
(
−bm2T /x
)
, (3)
with a = 0.23 and b = 0.34 GeV−2 [37]. These set-
tings for the string decay to hadrons have been found
to match well experimental observations for particle pro-
duction in p+p and p+A reactions [23]. In these reac-
tions the vacuum constituent (dressed) quark masses ms
and mq are relevant that, however, should be different in
the nuclear medium as noted above. We mention that
in HSD/PHSD we include antinucleon annihilation into
several mesons while taking into account also the inverse
processes of NN¯ creation in multi-meson interactions by
detailed balance [68].
C. Extensions in PHSD with respect to HSD2.3
The modifications in PHSD3.3 with respect to the HSD
version 2.3 from 2003 employed in the previous studies
in Refs. [38, 39] are as follows:
• The energy-density cut for hadronic interactions
(ǫc ≤ 1 GeV/fm3) has been reduced to ǫc ≤ 0.5
GeV/fm3 because the unquenched lattice QCD re-
sults from the BMW Collaboration in 2009 [2] were
converging to the lower critical energy density ǫc ≈
0.5 GeV/fm3 for the deconfinement phase transi-
tion. Accordingly, inelastic hadronic collisions in
local cells with energy density 0.5 GeV/fm3 ≤ ǫ ≤
1 GeV/fm3 no longer happen in the actual version
which leads to a reduction of the meson multiplic-
ity (dominantly pions and kaons) by about 10 to
15%. Since kaons and pions are effected by about
the same reduction factor their ratios practically do
not change.
• The inverse processes of NN¯ creation in multi-
meson interactions by detailed balance [68] are now
included by default.
• A couple of strangeness exchange reactions have
been added in meson-baryon and baryon-baryon
collisions following Refs. [69–71].
• The hadronic reaction channels are symmetric now
with respect to m+B ↔ m¯+ B¯. This has a minor
impact at the laboratory energies considered in this
study.
After reviewing the basic concepts of the PHSD approach
we now come to the modeling of chiral symmetry restora-
tion in the PHSD.
D. The scalar quark condensate
As is well known the scalar quark condensate < qq¯ > is
viewed as an order parameter for the restoration of chiral
symmetry at high baryon density and temperature, how-
ever, it is not a quantity that can directly be determined
by experiment. Nevertheless, some close links to low en-
ergy constants and nuclear quantities can be employed
to determine the scalar quark condensate.
A reasonable estimate for the quark scalar condensate
in dynamical calculations has been suggested by Friman
et al. [74],
< qq¯ >
< qq¯ >V
= 1− Σpi
f2pim
2
pi
ρS −
∑
h
σhρ
h
S
f2pim
2
pi
, (4)
where σh denotes the σ-commutator of the relevant
mesons h. Furthermore, < qq¯ >V denotes the vacuum
condensate, Σpi ≈ 45 MeV is the pion-nucleon Σ-term, fpi
and mpi the pion decay constant and pion mass, respec-
tively. Since for low densities the scalar density ρS in (4)
5may be replaced by the baryon density ρB, the change in
the scalar quark condensate starts linearly with ρB and
is reduced by a factor ≈ 1/3 at saturation density ρ0 ≈
1/6 fm−3. Note, however, that the value of Σpi is not
so accurately known; a recent analysis points towards a
larger value of Σpi ≈ 59 MeV [72] while actual lQCD re-
sults [73] suggest a slightly lower value. Accordingly, our
following calculations - based on Σpi = 45 MeV - have to
be taken with some care.
For pions and mesons made out of light quarks and
antiquarks we use σh = mpi/2 [73] whereas for mesons
with a strange (antistrange) quark we adopt σh = mpi/4
according to the light quark content. Within the same
spirit the σ-term for hyperons is taken as 2/3 Σpi ≈ 30
MeV while for Ξ’s we use 1/3 Σpi ≈ 15 MeV. The vacuum
scalar condensate < qq¯ >V is fixed by the Gell-Mann-
Oakes-Renner (GOR) relation [75, 76]
f2pim
2
pi = −
1
2
(m0u +m
0
d) < qq¯ >V (5)
to < qq¯ >V≈ - 1.6 fm−3 for the bare quark masses m0u =
m0d ≈ 7 MeV. The scalar density of mesons (of type h)
in (4) is given by (x = (r, t))
ρhS(x) =
(2s+ 1)(2t+ 1)
(2π)3
∫
d3p
mh√
p2 +m2h
fh(x,p),
(6)
with fh(x,p) denoting the meson phase-space distribu-
tion of species h. In (6) s, t denote the discrete spin and
isospin quantum numbers, respectively. The last quan-
tity in the relation (4), that still has to be determined
for an evaluation of the quark condensate, is the nucleon
scalar density ρS .
E. The nuclear scalar density
The scalar density of nucleons ρS can be calculated in
line with (6) by replacing the mass and momentum by
the effective quantities
m∗N (x) = m
v
N − gsσ(x) (7)
with mvN denoting the nucleon mass in vacuum. In Eq.
(7) the scalar field σ(x) mediates the scalar interaction
with the surrounding medium while gs is a coupling.
When including self-interactions of the σ-field up to 4th
order [77] the scalar field is determined locally by the
nonlinear gap equation [77, 78]
m2sσ(x) +Bσ
2(x) + Cσ3(x) = gsρS (8)
= gsd
∫
d3p
(2π)3
m∗N(x)√
p3 +m∗2N
fN (x,p)
with d = 4 in case of isospin symmetric nuclear matter.
The parameters gs,ms, B, C are fixed in the non-linear
NL1 ML2 NL3
gs 6.91 9.28 9.50
gv 7.54 10.59 10.95
B (1/fm) -40.6 5.1 1.589
C 384.4 9.8 34.23
ms (1/fm) 2.79 2.79 2.79
mv (1/fm) 3.97 3.97 3.97
K (MeV) 380 354 380
m∗/m 0.83 0.68 0.70
TABLE I. Parameter sets NL1, ML2 and NL3 for the nonlin-
ear σ − ω model employed in the transport calculations [78].
σ− ω model for nuclear matter [78] and are displayed in
Table I specifying also the vector coupling gv and vector
meson mass mv. We will use the NL3 set in the following
with a compressibility K = 380 MeV and effective mass
m∗/m = 0.7 at normal nuclear matter density. In order
to obtain an estimate on the uncertainties of our results
we have also used the sets NL1 and ML2. We recall
that in the non-linear σ−ω model the energy density for
symmetric nuclear matter is given by [78]
ǫ = U(σ)+
g2v
2m2v
ρ2N +d
∫
d3p
(2π)3
E∗(p) (Nc(p) +Nd(p)) ,
(9)
with
E∗(p) =
√
p2 +m∗2B ,
U(σ) =
m2s
2
σ2 +
B
3
σ3 +
C
4
σ4
while ρN denotes the baryon density and Nc(p) and
Nd(p) the particle/antiparticle numbers at fixed momen-
tum p.
Actual results for the effective nucleon mass (divided
by the vacuum mass) at temperature T = 0 are displayed
in Fig. 1 by the dashed (blue) line (for NL3) as a func-
tion of the energy density ǫ given by Eq. (9). We find
an almost linear decrease of the effective nucleon mass
with energy density with a slope that essentially scales
with the effective mass m∗N/m
v
N at normal nuclear mat-
ter density ρ0 (cf. Table I). Since for T = 0 there are no
thermal mesons the resulting ratio for the scalar quark
condensate < qq¯ >/< qq¯ >V (4) is entirely fixed by the
scalar nucleon density ρS (for given Σpi ≈ 45 MeV). The
resulting ratio is shown in Fig. 1 by the solid (red) line
as a function of the energy density ǫ while the ratio of the
light quark mass to its constituent mass mq/m
0
q is dis-
played by the dot-dashed (green) line which practically
coincides with the ratio of the scalar condensate accord-
ing to Eq. (11). We note in passing that very similar
results are obtained for the parameter set ML2 which
6provides a very good fit to the Dirac-Brueckner results
for the nuclear equation of state from Refs. [79, 80] and
is the default parameter set used presently in the PHSD.
We recall that the non-linear σ − ω model has been of-
ten employed in the description of heavy-ion reactions
at SIS energies and its parameters been determined in
comparison to nuclear flow data [78].
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FIG. 1. The ratio m∗N/mN as a function of the energy density
ǫ (9) at T = 0 in the non-linear σ−ω model for the parameter-
set NL3 in comparison to the respective ratio for the scalar
quark condensate (solid red line) from (4) (using Σpi = 45
MeV). The effective light quark mass ratio mq/m
0
q (11) is
displayed by the dot-dashed green line for comparison.
The question now arises, if there are proper experimen-
tal observables that are especially sensitive to the vari-
ation of the quark scalar condensate in a dense and hot
medium. It has been suggested in Ref. [39] that when
gating on central collisions of Au + Au (or Pb + Pb)
such phenomena should show up in the excitation func-
tions of suitable observables. We note that in a pure
hadronic transport approach we expect a smooth be-
haviour of practically all observables with bombarding
energy due to an increase of thermal excitation energy
[81]. This is not so obvious for the PHSD approach where
a gradual transition from hadronic excitations to strings
and to partonic degrees-of-freedom is involved. We will
argue that the strangeness ratios K+/π+, K−/π− etc.
are suitable candidates (see below).
F. The string decay in a hot and dense medium
We recall that for the bombarding energies of interest
from 4 to 158 A GeV the dominant particle production
in nucleus-nucleus reactions proceeds via string forma-
tion and decay. The formation and decay of strings in the
vacuum has been investigated by decades and is described
by the Schwinger mechanism of quark-antiquark pair pro-
duction [67] as discussed in Section IIB. In the Schwinger
formula for the strangeness fraction s/u (1) the string
tension κ is determined experimentally (or by lQCD) as
well as the effective massesms,mq for the dressed quarks.
In line with common understanding this dressing is due
to a scalar coupling to the vacuum condensate < qq¯ >v
which - according to the previous Subsection - vanishes
with increasing baryon density and/or temperature. In
first order the dressed quark masses are expected to scale
with the ratio (4) as
m∗s = m
0
s + (m
v
s −m0s)
∣∣∣∣ < qq¯ >< qq¯ >V
∣∣∣∣ , (10)
m∗q = m
0
q + (m
v
q −m0q)
∣∣∣∣ < qq¯ >< qq¯ >V
∣∣∣∣ , (11)
usingm0s ≈ 100 MeV andm0q ≈ 7 MeV for the bare quark
masses. In the hadronic phase the ratio (1) increases with
decreasing scalar quark condensate as long as the string
tension κ remains approximately constant. In fact, lQCD
results for the string tension below Tc show roughly a con-
stant value while the string tension rapidly drops above
Tc since no coherent electric color fields (strings) can be
formed anymore. Accordingly, Eq. (1) no longer applies
for the deconfined phase and the ratio s/u in PHSD is
fixed to ∼ 1/3 by comparison to the strangeness produc-
tion at RHIC and LHC energies observed experimentally.
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FIG. 2. The strangness ratio s/u in the string decay (1) as a
function of the energy density ǫ (9) as evaluated within the
non-linear σ − ω model for the parameter sets NL3 and NL1
for T = 0 on the basis of Eqs. (10), (11) and (4).
In order to illustrate our main conjecture we show in
Fig. 2 the ratio s/u as a function of the energy density
ǫ at temperature T=0 as evaluated by Eq. (9). In this
case only nucleons contribute to the scalar density in Eq.
(4) and the hadronic energy density which is (apart from
slight corrections due to the interaction energy) roughly
given by ǫ ≈ mNρN , where mN is the vacuum nucleon
mass and ρN the nuclear density. It is seen that the ratio
s/u rises with nucleon density up to ǫ ≈ 0.5 GeV/fm3 and
drops to a value of 1/3 in the deconfined phase in case of
7the PHSD. The sensitivity to the nuclear model (NL1 ver-
sus NL3) is moderate. The set ML2 practically gives the
same results as the set NL3. Accordingly, the approach
to CSR occurs in the hadronic phase and should be seen
experimentally for local energy densities below ǫc ≈ 0.5
GeV/fm3 since there is no more any ’string decay’ in the
partonic phase above ǫc due to the direct conversion of
energy and momentum to the massive quasiparticles of
the QGP.
In order to implement this scenario of ’chiral symmetry
restoration’ in the PHSD code we solve the gap equation
(8) for each cell in space-time in order to determine the
scalar nucleon density ρS , the scalar quark condensate
by Eq. (4) and the strangeness ratio by Eq. (1) which
drives the string decay in each local cell. Note that in
the case of HSD (without any deconfined partonic phase)
the ratio s/u increases further with energy density ǫ up
to the limiting values given by bare masses ms = m
0
s and
mq = m
0
q in Eq. (1). Accordingly, one has to expect
an overestimation of strangeness production in the HSD
when implementing CSR via (1) at high bombarding en-
ergies where the scalar quark condensate is vanishing in
the overlap zone of the reaction.
We close this Section by noting that the PHSD ap-
proach has been extended to include the essential fea-
tures of chiral symmetry restoration in the hadron pro-
duction via the Schwinger mechanism (1). One might
criticise that the value of Σpi as well as the nuclear equa-
tion of state (NL1, ML2, NL3) are still uncertain to some
extent but these ’error bars’ are small compared to the
leading order terms in the dynamics. Furthermore, a
fully consistent approach has to include the chiral part-
ners of 0− and 1− mesons, i.e. the (broad) scalar 0+ and
axial vector 1+ mesons. Also on the baryonic side the
chiral partners to the lightest baryons have to be incor-
porated in the transport approach with dynamical spec-
tral functions that become identical in the chiral limit.
Furthermore, the baryon propagators have to be refined
in including the real and imaginary parts of the scalar
and vector selfenergies also for the dynamical evolution
of the system and the computation of in-medium transi-
tion rates. Since in principle the PHSD is suited for this
task due to its off-shell nature we delay a self-consistent
treatment of the chiral dynamics to a future more elab-
orate study.
III. RESULTS FOR CENTRAL AU+AU
COLLISIONS FROM 4 TO 158 A GEV
We recall that numerical results for the space-time de-
pendence of the scalar condensate ratio (4) from HSD
calculations have been shown already in Figs. 3 and 4 of
Ref. [81] for central Au + Au collisions at 6 A·GeV and
20 A·GeV, respectively. For an illustration we present
here additionally the ratio (4) in Fig. 3 as a function
of x and z (for y = 0) at different times t for a central
Au+Au collisions at 30 A GeV. Whereas in the approach
phase the ratio drops to about 2/3 inside the impinging
nuclei (cf. Fig. 1) the scalar quark condensate practically
vanishes in the full overlap phase from about 3 to 7 fm/c
and regains the vacuum value only in the late expansion
phase as noted before. However, for all times from con-
tact (∼ 2.5 fm/c) to about 8 fm/c the ratio of the scalar
quark condensate remains far below unity, which implies
that the decay of strings in the hadronic environment is
modified substantially in the hot and dense medium.
FIG. 3. The ratio (4) for the scalar quark condensate as a
function of x and z (for y = 0) at different times t for a
central Au+Au collisions at 30 A GeV employing the param-
eter set NL3 for the computation of the baryon scalar density.
The white borderline separates the space-time regions of de-
confined matter to hadronic matter.
The white borderlines in Fig. 3 separate the space-time
regions of deconfined matter to hadronic matter. It is
clearly seen that although the chiral symmetry is approx-
imately restored in the full overlap phase from 2.8 to 6
fm/c some region is occupied by deconfined partons in the
PHSD. In these regions, however, an enhanced produc-
tion of strangeness should not occur since the Schwinger
mechanism (1) no longer applies due to a vanishing string
tension and a transformation of energy and momentum
to massive partonic degrees-of-freedom.
After these more quantitative illustrations we continue
with actual observables from heavy-ion reactions at dif-
ferent energies. We will consider the following four sce-
narios:
• The default HSD calculations without any CSR
(and deconfinement transition) and a threshold in
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FIG. 4. The rapidity distribution of pions, kaons, protons
and (Λ + Σ0)’s for 5% central Au+Au collisions at 10.7 A
GeV in comparison to the experimental data from Ref. [82].
The solid (red) lines show the results from PHSD (including
CSR) while the blue solid lines result from HSD (including
CSR) without partonic degrees-of-freedom. The dashed (red)
line reflects the PHSD results without CSR while the dashed
blue line results from HSD without CSR.
the local energy density of < 0.5 GeV/fm3 for elas-
tic and inelastic reactions of formed hadrons. For
energy densities above 0.5 GeV/fm3 a free stream-
ing of the particles is assumed.
• HSD calculations with the modified string decay
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FIG. 5. The rapidity distribution of pions, kaons, protons
and (Λ+Σ0)’s for 5% central Au+Au collisions at 30 A GeV
in comparison to the experimental data from Ref. [83]. The
coding of the lines is the same as in Fig. 4.
(describing CSR) for all local energy densities, how-
ever, keeping the free streaming of hadrons above
0.5 GeV/fm3. Also in this scenario there is no de-
confinement transition.
• The default PHSD calculations without any CSR,
however, a crossover transition to the deconfined
phase above the threshold in the local energy den-
sity of 0.5 GeV/fm3.
• PHSD calculations with the modified string de-
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FIG. 6. The rapidity distribution of pions, kaons, protons and
(Λ + Σ0)’s for 5% central Au+Au collisions at 158 A GeV in
comparison to the experimental data from Ref. [84]. The
coding of the lines is the same as in Fig. 4.
cay (describing CSR) for energy densties below 0.5
GeV/fm3 and a crossover transition to the decon-
fined phase above the threshold in the local energy
density of 0.5 GeV/fm3.
The results for the rapidity distributions of pions,
kaons, protons and (Λ + Σ0)’s in the different limits are
shown in Figs. 4 to 6 for 5% central Au+Au collisions at
10.7, 30 and 158 A GeV in comparison to the experimen-
tal data from Refs. [82–84]. Here the solid (red) lines
show the results from PHSD (including CSR) while the
blue solid lines result from HSD (including CSR) with-
out partonic degrees-of-freedom. The dashed (red) line
reflects the PHSD results without CSR while the dashed
blue line results from HSD without CSR. As noted be-
fore, the HSD results (without CSR) for these hadrons
are essentially the same than in the previous studies [37–
39] and severely underestimate the K+ and Λ production
at the lower energies while overproducing pions. Further-
more, the partonic degrees-of-freedom in PHSD – includ-
ing a phase transition to the QGP in case of sufficient
local energy density – do not change the rapdity distri-
butions (red dashed lines) compared to HSD at these
energies. Actually this rough equivalence also holds for
PHSD and HSD when including CSR (red and dashed
solid lines) at 10.7 A GeV, however, in this case the K±
and (Λ + Σ0) distributions are better in line with the
experimental observations.
We note that our ’HSD’ results are up to 10% lower
than those from Refs. [38, 39]. As discussed in section
II.C. this is essentially due to a reduction of the critical
energy density from 1 GeV/fm3 to 0.5 GeV/fm3 accord-
ing to more recent lattice QCD results on the critical tem-
perate Tc for 2+1 flavors [2]. This reduces the hadronic
scattering rate since hadrons in local cells with energy
densities above 0.5 GeV/fm3 are freely streaming.
Although the π± multiplicities are still overestimated
by the PHSD calculations (including CSR) at 10.7 and 30
A GeV a striking improvement is obtained with respect
to the strangeness production at these energies for central
Au+Au collisions. Since this result emerges without any
fine-tuning of the nuclear equation of state (parameter-
sets NL1, ML2, NL3) we attribute the strangeness en-
hancement seen in these reactions to the approximate
restoration of chiral symmetry at high baryon density.
This interpretation is in contrast to the early expectation
in Refs. [33, 35, 36] that the enhancement of strangeness
should be attributed to the formation of deconfined mat-
ter.
In order to summarize our findings we show the ra-
tios K+/π+, K−/π− and (Λ + Σ0)/π− at midrapidity
from 5% central Au+Au collisions in Fig. 7 as a func-
tion of the invariant energy
√
sNN up to the top RHIC
energy in comparison to the experimental data available
[85]. As before the solid (red) lines show the results from
PHSD (including CSR) while the blue solid lines result
from HSD (including CSR) without partonic degrees-of-
freedom. The dashed (red) line reflects the PHSD results
without CSR while the dashed blue line results from HSD
without CSR. It is clearly seen from Fig. 7 that the re-
sults from HSD and PHSD merge for
√
sNN < 6 GeV
and fail to describe the data in the conventional scenario
without incorporating the CSR as described in Section II
(and been found earlier in Refs. [38, 39]). Especially the
rise of theK+/π+ ratio at low bombarding follows closely
the experimental excitation function when incorporat-
ing ’chiral symmetry restoration’. However, the drop in
this ratio again is due to deconfinement since there is no
longer any string decay in a hadronic medium at higher
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FIG. 7. The ratios K+/π+, K−/π− (a) and Λ/π− (b) at
midrapidity from 5% central Au+Au collisions as a function
of the invariant energy
√
sNN up to the top RHIC energy in
comparison to the experimental data from [85]. The coding
of the lines is the same as in Fig. 4.
bombarding energies. This is clearly seen in the case of
HSD (with CSR) which overshoots the data substantially
at high bombarding energy.
Accordingly the experimental ’horn’ in the excitation
function is caused by chiral symmetry restoration but
also deconfinement is essential to observe a maximum in
the K+/π+ ratio. We mention that the maximum in
the K+/π+ ratio is not so pronounced in the PHSD cal-
culations as in the data since the pion production is still
overestimated by the PHSD. We speculate that this over-
estimation might be due to the complex pion dynamics
in the nuclear medium where the pion separates into a
’pion’ and ’∆-hole’ branch [86].
IV. SUMMARY
We have studied effects from chiral symmetry restora-
tion (CSR) in relativistic heavy-ion collisions in the en-
ergy range from 4 to 158 A GeV by using the Parton-
Hadron-String Dynamics (PHSD) approach [53] that has
been extended essentially in the hadronic phase to also
describe CSR apart from a deconfinement transition to
dynamical quarks, antiquarks and gluons in the QGP.
We have assumed that effects of chiral symmetry
restoration for the scalar quark condensate < qq¯ > in
the hadronic medium show up in the Schwinger formula
(1) for the s/u ratio when the string decays in a dense or
hot hadronic medium. The evaluation of the scalar quark
condensate has been based on Eq. (4) where dominantly
the quantity Σpi ≈ 45 MeV enters as well as the scalar
nucleon density ρS that drives CSR at low temperatures
of the system. Although the value of Σpi might be slightly
different [72, 73] we have kept this conservative value for
our studies. The computation of the scalar baryon den-
sity ρS(r; t) has been based on the nonlinear σ−ω model
for nuclear matter [77, 78] and in particular on the gap
equation (8) for each cell of the space-time grid employing
different parameter-sets. These equations complete the
description of the extended PHSD approach. We note
in passing that we just have used ’default values’ for the
couplings and low-energy constants and not attempted
to perform any fitting.
When comparing the results from the extended PHSD
approach for the ratiosK+/π+, K−/π− and (Λ+Σ0)/π−
from the different scenarios we find from Fig. 7 that the
results from HSD and PHSD merge for
√
sNN < 6 GeV
and fail to describe the data in the conventional scenario
without incorporating the CSR as described in Section
II. Especially the rise of the K+/π+ ratio at low bom-
barding follows closely the experimental excitation func-
tion when including ’chiral symmetry restoration’ in the
string decay. However, the drop in this ratio again is due
to ’deconfinement’ since there is no longer any hadronic
string decay in a partonic medium at higher bombarding
energies. This is clearly seen in the case of HSD (with
CSR) which overshoots the data substantially at high
bombarding energy. Accordingly the experimental ’horn’
in the excitation function is caused by chiral symmetry
restoration but also deconfinement is essential to observe
a maximum in the K+/π+ and Λ/π− ratios. The max-
imum in the PHSD calculations is not very pronounced
since the pion abundance is still overestimated in this
energy range. Our interpretation differs from the early
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expectation in Refs. [33, 35, 36] that the enhancement of
strangeness should be attributed to the formation of de-
confined matter. Our studies thus support the conjecture
of ’quarkyonic matter’ [45] out-off equilibrium in central
heavy-ion collisions from about 5 to 40 A GeV.
We finally recall that a fully consistent approach has
to include not only the chiral effects on the hadron
production but also the chiral partners of the 0− and
1− mesons, i.e. the (broad) scalar 0+ and axial vector
1+ mesons with their spectral functions. Also on the
baryonic side the chiral partners to the lightest baryons
have to be incorporated in the transport approach with
dynamical spectral functions that become identical in
the chiral limit. Since the PHSD approach is suited for
this task due to its off-shell nature for all degrees-of-
freedom we delay a selfconsistent treatment of the chiral
dynamics to a future more elaborate study.
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